Abstract: Myasthenia gravis (MG) is a prototypic autoimmune disease with overt clinical and immunological heterogeneity. The data of MG is far from individually precise now, partially due to the rarity and heterogeneity of this disease. In this review, we provide the basic insights of MG data precision, including onset age, presenting symptoms, generalization, thymus status, pathogenic autoantibodies, muscle involvement, severity and response to treatment based on references and our previous studies. Subgroups and quantitative traits of MG are discussed in the sense of data precision. The role of disease registries and scientific bases of precise analysis are also discussed to ensure better collection and analysis of MG data.
Introduction
The concept of precision medicine is being accepted more prevalently in medical and health care world, which is defined as treatments targeted to the needs of individual patients on the basis of genetic, phenotypic, or psychosocial characters that distinguish a given patient from other patients with similar clinical presentations (1) . Its aim is to improve clinical outcomes and minimize unnecessary side effects for individual patients. The scope of precision medicine is rapidly expanding by refining the classification of disease, often with important prognostic and treatment implications.
Myasthenia gravis (MG) is a prototypic autoimmune disease, with known autoantigens, such as acetylcholine receptor (AChR), muscle-specific kinase (MuSK) or LDL receptor-related protein 4 (LRP4), and relevant antibodymediated autoimmune response, leading to fatigue and weakness of skeletal muscles. These antigens are proteins at the neuromuscular junction (NMJ), which maintain the structure of motor synapse and facilitate neuromuscular conduction of motor impulses. MG subgroups with autoantibodies against them have been found to be with relatively distinct clinical features (2) (3) (4) . Functional blocking antibodies and tissue-damaging antibodies of different subclass (IgG1, IgG3 or IgG4) against various epitopes of the autoantigens have been reported (2, 3) . Severity of MG was found to be correlated with antibody levels with conflicting evidence, partially due to the intrinsic mechanism of different antibodies, difference in methods of antibody testing, and the measurement of severity. Thymus abnormalities are often found in MG patients, with different presumed mechanism between hyperplasia and thymoma (5) . Clinical and immunological heterogeneity exists in MG as a result of all these factors. Genetic predisposition of MG is now an active research area with the aim to explore a risk marker or a potential specific treatment target (6) (7) (8) . The genes of both immune-modulating proteins (e.g., HLA or cytokines) and autoantigens (9) have been found to be associated with MG. The therapeutic effects in MG was determined not only by the immunological treatment, but also by adherence to treatment, incidental worsening factors (e.g., infection and emotional stress), as well as by genetic background of individuals. Due to all these factors, the data of MG is far from individually precise now, partially due to the rarity and heterogeneity of this disease. In this manuscript, we discuss the precision medicine in this chronic autoimmune disease with seemingly ambiguity.
Relative precision in the main domains of myasthenia gravis (MG) data
In MG, important data on clinical and immunological phenotypes could be classified into several domains: (I) demographic: gender and onset age; (II) presenting symptoms: ocular, bulbar and other non-ocular muscles; (III) the first involved non-ocular muscle group in ocular presenting patients and the interval between onset and generalization; (IV) thymus status; (V) pathogenic autoantibodies against AChR, MuSK or LRP4, and other relevant autoantibodies (e.g., against striated muscle antigens, titin and ryanodine receptor [RyR]); (VI) muscle involvement and severity at sample collection and at the maximum worsening; (VII) response to specific treatment.
Gender is the most precise data, while onset age might be confused by ambiguous judgment of MG symptoms. The first symptom in a mild episode might be forgot or unrecognized by the patients due to spontaneous remission and fluctuation of symptoms. Some concurrent unspecific symptoms might confuse both the patient and neurologist. In our recent study, we examined the patients with fatigue test and neostigmine test immediately after screening with a questionnaire for ongoing symptoms. Half of the involved muscles judged by an experienced neurologist changed. Fatigue test may reveal muscle involvement which was not reported by the patients. After neostigmine test, fatigue in some muscle groups was found to be caused by other diseases, especially in neck and limb muscles by cervical spondylosis, lumbar disease, or nerve root lesions (10) . Therefore, the precise identification of onset age is related to accurate judgment on MG symptoms. Previous fluctuating symptoms should be sought by careful screening in each muscle group (ocular, facial, bulbar, neck, limb girdle, limb extremities, and respiratory muscles) with standardized questionnaires and medical records. For the patients who cannot provide medical records, timing of the first outpatient visit due to the presenting symptoms could be viewed as the onset. This principle also applies to identification of the first non-ocular muscle involvement in determining the time of generalization in patients presented with ocular symptoms.
The role of thymoma and diagnostic autoantibodies becomes more important in MG phenotypes. However, the accuracy of their information might be hampered by suboptimal antibody testing and evaluations of the thymus. MG with thymoma is considered as a paraneoplastic syndrome, which has different clinical and immunological features and different mechanisms compared with nonthymoma patients (5, 11) . Current guidelines of MG treatment do not recommend thymectomy in ocular MG and AChR antibody negative patients (12) (13) (14) . Thus, pathological data on thymus is not available in all MG patients. The pathological confirmed thymoma is accurate in individual patients, but might lead to selection bias in population-based association studies due to various proportions of MG patients who are not advised by treating neurologists or decline to receive thymectomy. Although CT scan is considered as the main screening tools for thymoma, with high sensitivity and specificity, thymic hyperplasia is sometimes misdiagnosed as thymoma solely on CT imaging, while small thymoma beyond the resolution of imaging might be missed (15) . MRI does not add the sensitivity in the screening of thymoma (16) . Moreover, new thymus abnormality could be found several years after the initial negative CT scan (17) . Therefore, other laboratory investigations should be employed to search for potential thymoma. Antibodies against striated muscle antigens (titin and RyR) and radiological examination of are similar sensitivity for the presence of thymoma in MG. Presence of such antibodies in MG patients younger than 60 years strongly suggests a thymoma, while absence of them at any age strongly excludes thymoma (11) . The combination of repeated CT scan and testing of titin and RyR antibodies could be the bases of non-invasive screening of thymoma. 99m Tc-MIBI single photon emission computed tomography (SPECT) have been used for assessing anterior mediastinal mass and distinguishing the grade of malignancy of thymic epithelial tumors (18) . In a preliminary study, we compared the 99m Tc-MIBI image and pathology of thymus in 38 MG patients, and found prominent uptake of MIBI in thymoma, while weak uptake in thymus hyperplasia (unpublished data). This examination might be used as an additional tool to screen thymoma, especially ectopic thymoma. Pathogenic autoantibodies against NMJ proteins are regarded as the most important biomarkers in MG, not only because relative distinct clinical features of MG were found to be linked to the presence of specific antibodies, but also because levels of some antibodies were found to be correlated with the severity of MG (2, (19) (20) (21) . The positivity of antibodies depends on several factors: (I) The antigens employed and the testing methods used. Take AChR antibody for example, AChR derived from a genetic modified rhabdomyosarcoma cell line or denervated human muscle are often used as antigens in commercial kits [enzyme-linked immunosorbent assay (ELISA) and radioimmunoprecipitation assay (RIA)]. More sensitive cell-based assays allow detection of antibodies that only bind to AChRs clustered on the surface of mammalian cells (22) . The positivity also depends on the cut-off values of quantitative testing such as ELISA and RIA, and on detection threshold of qualitative testing in different laboratories; (II) repeated AChR antibody testing. Positive results may be found in the patients with formerly negative results, especially in milder patients with shorter duration of disease (23, 24) . This phenomenon was found in other autoimmune disease, for example, in a proportion of multiple sclerosis patients, oligoclonal bands could become positive in repeated testing several months after the first negative testing (25); (III) effects of treatment on antibody levels. In MG, once the antibodies appear, they tend to be positive consistently even their level decrease after effective treatment with potent immunosuppressive agents or thymectomy (26) (27) (28) (29) (30) . This may be related to persistence of long-lived plasma cell (31) . Minor difference in the positivity might be found due to variation of antibody levels around the testing threshold in a small proportion of tested subjects. If the first sample is tested as negative after effective treatment, it is better to retest the antibodies when there is a relapse. The testing reports should include the methods (quantitative or qualitative), cut-off value for positivity in quantitative testing and the original results.
Clinical severity is defined in different ways in various studies: (I) simple classes based mainly on muscle involvement range and impairments, which can be assessed with patient-reported motor functions and simple beside examinations, such as Osserman classes (32), MGFA classes (33) and Oosterhuis score (34, 35) . The former two are in fact directly modified from clinical classification systems of MG, without primary aim to evaluate the severity. Their value in the measurement of severity was questioned (33) . The last one is based on patient-reported impairment of daily livings, designed in the similar reasoning of the former. The interobserver agreements of Osserman and MGFA classification systems were found to be fairly good in a well representative cohort of 64 MG patients with various involvement range and severity. The agreements of Osserman classes were found a little better than those of MGFA classes, partially due to more categories and relative vague definition of severity in generalized types of MGFA classes (10) . The MGFA recommendation also pointed that disagreement might exist even between two MG experts (33) . The Osserman and MGFA classification system are based on the general impression of physicians on involvement and severity. Hence, using them as the hallmark of severity is a vicious circle; (II) composite ordinal scales such as Quantitative Myasthenia Gravis score (QMGs) (36), Myasthenia Gravis Composite (MGC) (37), Myasthenic Muscle Scale (MMS) (38) , which are commonly used in Western countries, and the Absolute and Relative Score of MG (ARS-MG) (39), a commonly used scale in China. In 60 representative MG patients, all four scales were found to have good internal consistency, test-retest reliability, interobserver reliability, and construct validity. There were strong correlation between QMGs as criterion and each of the other three scales. Moderate to strong correlations were also found between each of these scales (40) . The construct validity of scales, the good reliability of each scales and the intrinsic sensitivity of the scores in the measurement of severity endow all these scales with good performance and correlations. Nevertheless, these scales are composite ordinal scales, which mean that a score of five is not truly five times of a score of one in the measurement of severity. Rasch method might solve this problem. This method has been used in the development of severity scales in neuromuscular diseases (41, 42) , and began to be explored in MG (43) .
Muscle involvement and severity during the maximum worsening reflect the clinical features and prognosis comprehensively, hence it is used in subgroup classification of MG. MG is a chronic autoimmune disease with characteristic daily fluctuations due to compromised NMJ conduction, so the severity of MG on a given follow-up may vary dependent on the intensity of immunological reactions, concurrent pathophysiological factors (infection, fatigue, stress, fever or menstruation) on NMJ and the effects of cholinesterase inhibitors. The clinical severity during the maximum worsening without concurrent pathophysiological factors is the best reflection of immunological intensity. Although immunosuppressive treatment may prevent generalization worsening of MG, the maximum severity is seemingly determined by genetic factors, as reflected by the facts that maximum severity is attained after several relapses, regardless of potent immunosuppressive treatment. This is also supported by natural history studies that generalization from ocular MG and worsening to the maximum severity tend to occur during the initial 2 years after onset (44) . Therefore, clinical severity measured during the maximum worsening during the long-term follow-up will provide endophenotype information for MG research. Muscle involvement and severity at sample collection are also important endophenotypes to be correlated with profiles and levels of antibodies and other biomarkers (e.g., cytokines or acute phase proteins). Care should be taken that quantitative measurement of clinical severity is better performed at least 6 h after the last dose of cholinesterase inhibitors in order to eliminate the effects of them (45) . Moreover, all patients should be devoid of the influence of over fatigue or hunger when examining. The patients should be encouraged to cooperate fully in similar efforts in each follow-up to minimize the variability due to less cooperation.
Concurrent autoimmune diseases are relatively distinct in MG, with variation in different subgroups (46) . Nonmotor symptoms such as pure red cell aplasia, alopecia areata and immunodeficiency in MG are often overlooked, some of which might be mediated by cellular immunity, different from typical symptoms mediated by pathogenic autoantibodies (47) . This information should also be recorded.
Treatment response is an important feature of MG and a direct variable in precision medicine. Sensitive or insensitive to a given treatment is determined by the study duration, outcome measures, concurrent treatment, baseline features and analysis designs. Study should be long enough to ensure adequate immune-modulation to take effects. Shorter study duration as the cause of failure in clinical trial of MG has been discussed (48) . Optimal outcome measure is still in its infancy in the field of MG. Changes of QMGs is the most adopted definition, with scores improvement of more than 3 or decreasing to 0 as clinical meaningful (49, 50) . Minimal clinically important difference has been established for clinical trials of MG (51) . Relative change of the absolute MG severity scores is an individualized measure of treatment response. In China, the relative score of MG severity is commonly adopted. It is defined as (pretreatment absolute score-post-treatment absolute score)/ pre-treatment absolute score (39) . The improvement index with similar formula has been used in other autoimmune diseases (52) . However, the cut-offs of response magnitude are still arbitrary. Moreover, the cut-off value for a longterm treatment response might not be the same as for the short-term response. MG is often treated with more than one single immunosuppressive agent. Hence, the response of add-on therapy should be adjusted with the cumulative effects of other treatments. The studied treatment and/ or the concurrent treatment might be tapered or increased with the change of severity. Bayesian method is a good tool to evaluated the cumulative effects of treatment and other confounding factors (including the untreated duration), and has been used in the studies of other autoimmune diseases such as multiple sclerosis (53), but not yet in MG. Propensity score has been used in the stratification in clinical trials of MG (54) . Whether such a score which composed of baseline clinical and immunological features of MG could be used in the association studies has not been studied. Clinical trials are often designed in cohort studies with the first outcome event as the main endpoint, but the association studies are always designed in case-control studies. The cohort design is often for group comparison, the responders defined in this design might introduce bias in case-control design due to various treatment durations in different responders. For the evaluation of a short-term treatment in the treatment-naive patients, the changes of severity scores at a pre-specified time after treatment could be used for the definition of response. For a longterm treatment, the postintervention status (33) could be used as the index of response. The patients withdrawn after beginning the treatment should be followed and determined as responder or non-responder. For patients who request to add plasma exchange, intravenous immunoglobulin or other immunosuppressive agents, or have to receive them as rescuing treatment, the severity at the end of studied duration may help to determine the response. Sensitivity analysis should be performed by including these patients after the analysis of patients who finished the treatment per protocol.
The aggravation speed of MG severity in the initial 3 months might be a risk factor for myasthenic crisis and treatment-refractory courses. One solution for optimal calculation of aggravation speed is to derive a ratio of the QMGs and time from onset as the progression index. However, the fact that QMGs is not linear limits this approach, which is similar to EDSS in multiple sclerosis. An individualized score based on algorithm adjusting disability for disease duration has been developed and was found associated with the prognosis of multiple sclerosis (55,56), but not yet in MG. The delay of transition from ocular involvement to generalized MG might also be an important © Annals of Translational Medicine. All rights reserved.
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Subgroups of myasthenia gravis (MG)
Subgroups in a heterogeneous disease provide good bases for precision medicine. The early subgrouping systems of MG were based on muscle involvement range and severity, such as in Osserman (32) (21) includes: non-thymoma MG (AChR antibody positive, subdivided into early-onset MG and late-onset MG), thymoma MG, MuSK associated MG, LRP4 associated MG, antibody-negative generalized MG, and ocular MG. In all three systems, the definition of ocular MG required a follow-up of at least 2 years, citing that if the involvement remains limited to the ocular muscles after 2 years, there is 90% likelihood that the disease will not generalize (44) . For the generalized subgroups, thymoma-related and antibody-related subgroups, once the data of muscle involvement, thymoma or specific antibodies is satisfied, the subgroup can be defined. Boundary between early and late onset in the latter two systems is 50 years (20, 21) . Relative distinct features were delineated in ocular MG, thymoma MG and antibody-associated MG, although overlap between each of these subgroups exists even in the same systems. The antibody negative subgroup is a heterogeneous group, patients are essentially indistinguishable from patients with AChR antibody positive MG in terms of clinical features, pharmacological treatment response, and even thymic abnormalities in some cases. Moreover, patients with pathogenic antibodies against more than one NMJ proteins (e.g., MuSK and LRP4) were found with improved testing methods, which makes some patients be allocated into more than one antibody associated subgroup (57) (58) (59) . The present "standard" diagnostic testing might change in the future, making studies on subgroups with different testing methods incomparable. The above-mentioned difference in the definitions limits the comparisons and meta-analysis of studies with different subgrouping systems. Moreover, all three subgrouping systems did not consider the childhood MG. Juvenile MG (JMG) includes infants, children, and adolescents aged patients, without consensus on the boundary to early onset MG, although subdivision has been suggested according to the onset age as pre-pubertal (12 years) and post-pubertal (60) .
Besides onset age, gender, antibodies and thymoma, initial muscle involvement (ocular/generalized) and maximum muscle involvement might also contribute to subgrouping. These elements are highly interrelated, which is shown in our studies that most elements were not independent in association with susceptibility and severity of MG due to interactions among these elements (61, 62) . A cluster analysis has been used to classify MG subgroups, putting as much elements as possible into an integral comprehensive analysis (63) . Although boundary between early onset and late onset at 50 years was confirmed, the other combinations of elements in the previous subgrouping schemes were not found. Unfortunately, the detailed definition of each element was not provided in the study (63) . Cluster analysis and principal analysis have been used in other autoimmune diseases to establish subgroups (64) (65) (66) . Our group used data mining technique to explore subgroup clusters of MG and confirmed existence of some subgroups in the above-mentioned subgroup classifications (unpublished data). During this process, it is important to select the basic elements and to avoid ambiguous and overlapping definition of each element.
In the present time, we propose a basic subgrouping scheme as follows ( Figure 1 ): (I) JMG, boundary to early onset MG should be further explored, with additional subdivision into pre-pubertal and post-pubertal as suggested (60); (II) adult MG with thymoma, pathologyconfirmed or typical image suggested, with consideration of supplementary role of titin and RyR antibodies in implying or excluding potential thymoma in younger patients (11); (III) adult MG with AChR antibody but without thymoma, with repeated testing after an optimal interval (e.g., 1 year) in milder patients with shorter duration or previously treated patients, whose first testing is negative; (IV) adult MG without AChR antibody and thymoma. In group 3, further subdivision into early onset and late onset (50 years old), or into ocular presenting MG and generalized presenting MG. This will enable patients to be allocated into relative fewer subgroups with higher consistency, to avoid allocation a patients into several subgroups, and to facilitate comparison among different studies. This subgrouping scheme should be tailored according the study purpose in epidemiological, immunological and genetic researches and clinical trials, as well as in clinical practice. Subgrouping into MuSK or LRP4 associated MG could be taken in specific targeted researches prudently.
Quantitative traits in myasthenia gravis (MG): endophenotypes and intermediate phenotypes
Quantitative traits provide important clues to the pathogenesis and prognosis. In MG, severity and status of MG (e.g., post-intervention status) may serve as endophenotypes, while levels of antibodies and other biological molecules may serve as intermediate phenotypes.
The correlation between the levels of antibodies and clinical severity of MG is a long-term debate. AChR antibody level appears to provide an index of disease severity within the individual (67) and in group analysis of patients with shorter duration (68) , while other studies did not confirmed this correlation. The conflicting results might be caused by the above-mentioned variations in severity definition and differences in testing methods. The quantification of the antibody levels is also important. Much attention should be paid on the units of antibody levels in the comparison among different studies. The levels might be expressed in original value as optic density (OD), nmol, ng, an inhibition rate, or as a log transformation of the maximum dilutions, depending on the testing methods. Take ELISA methods for example. Original OD value or the log transformation of the maximum dilutions are the best according to the principle of ELISA, while the values expressed in nmol or ng calculated with standard curve or empirical formula may introduce variation due to the complicated calculating process with several covariables. Modulating molecules involved in autoimmune diseases have been explored as biomarkers or surrogate markers, and used in association studies. For example, cytokine levels have been associated with cytokine gene polymorphism in MG (69) . We now have a battery of target-specific modulating therapies in the treatment of MG (70) . With the design of Mendelian randomization approach, the role of candidate modulating molecules has been confirmed in the pathogenesis of diseases, and has been assumed as treatment target of an existing agent (71) . Therefore, the accurate quantification of these molecules is important in researches of precision medicine.
The storage conditions and freezing/thawing of stored samples are also important in precise measurement of antibodies and biological molecules. In a recent study, we confirmed that testing serum samples stored at room temperature, 4 ℃ and in frozen state and plasma samples stored in frozen state got consistent results of AChR antibody levels with a ELISA method, providing a base for using differently stored samples in the research (72) . But for more unstable molecules, more care should be taken in the collecting and storage conditions (73) . The effects of concurrent infections on testing results, especially on cytokines and acute reaction proteins, should be considered. Concurrent infections may aggravate autoimmune disease by innate immunity, and may lead to immediate changes in acute reaction proteins (74) . After treatment, the change in antibody levels might introduce slight variation in antibody positivity and antibody levels. Immune modulating moleculars (e.g., cytokines) are even more easily to be affected by treatments. Therefore, the intermediate phenotypes should be tested in treatment-naive and infection-free patients.
Disease registries in the precision medicine of myasthenia gravis (MG)
Precision medicine research is in much debt to the development of disease registries. More and more diseasespecific registries have been set up, relevant common element data (CDE) and guidelines on data sharing, sample collection and bioinformatics have been established (75, 76) . MG registries have been set up and began to showed their prominent contributions on recognizing the natural history, concurrent autoimmune disease profiles, outcome determinants and antibody profiles of MG (77, 78) . MG specific CDE has been provided under the scope of the NIH CDE collections (79). Although MGFA recommendation on MG research (33) has paved the path for advanced researches in MG, most of the proposal raised 15 years ago deal mostly with clinical research, with no specific consideration on the precision medicine. The NIH MG-CDE also does not mark the essential elements involved in the research of precision medicine. Nevertheless, the elements included in these two files cover almost all of the essential elements. We can extract the needed data by giving accurate definitions of the clinical and immunological elements, as well as subgroups, as the bases of phenotypes. Although MGFA recommendation (33) and NIH MG-CDE (79) included some information on thymus data, systematic thymus protocol including the radiology, surgery, staging, pharmacotherapy, sampling and pathological protocols should be found in other resources. The role of thymus in the pathogenesis of MG is becoming more prominent and the value of repeated surgery to treat MG is under great attention (80) . Fortunately, the standard thymus protocols developed by the International Thymic Malignancy Interest Group provide detailed CDEs of thymus (81) (82) (83) (84) (85) (86) and may lend their strength to MG researches.
Moreover, precise data of the qualified healthy control is also important in precision medicine. No such guideline on control information has been established yet in MG. In the meantime, we can learn ideas from the definitions and application guidelines for control groups in cerebrospinal fluid biomarker studies in multiple sclerosis (87) .
Scientific bases of precise analysis
It is important to balance the data between precision in individual patients and the representativeness in patient population in the enrollment process. Selection bias is easily caused by insufficient follow-up in specific MG groups, such as child and the aged, the mildest and the most severe patients, patients with good response/spontaneous remission and devastating courses. Once the patients enter a MG registry, endeavor should be taken to ensure the patients be followed as longer as possible. The longer is the follow-up, the more precise is the data. We are trying to use a simplified scoring scale and a structured questionnaire which can be used by patients to ensure online followup for the patients. The patients, who lost follow-up in a consecutively enrolled cohort, should be checked with the frequencies of main clinical features of MG (onset age, gender, presenting symptoms, thymoma, and antibodies) to analyze the potential selection bias due to follow-up.
In the plan for performing a research in the precision medicine in the field of MG, systematic collection of data according to pre-specified CDEs is paramount. We wish our discussion will contribute the CDEs of our readers. In the analysis and report of research, relevant guidelines (88, 89) and advice (90) should be considered. It should be born in mind that scientists are not immune to biased analysis process (hypothesis myopia, cherry-picked, etc.) (91) . Moreover, statistical associations are far from causation. More sound evidence is waited to confirm a promising finding (92) .
Conclusions and further directions
All precision medicines begin from the data precision. The precision of data will improve when more knowledge and experience from clinical research accumulate and are sorted in a logical rationality based on solicited facts and scientific reasoning. The common data elements of MG in precision medicine should be defined in detail and devoid of overlap and confounding factors. All these should be based on the comprehensive understanding of the pathogenesis, clinical and immunological features of MG, and of the principles and confounders of measurements in severity and levels of biomolecules. Advanced analysis such as cluster analysis and data mining would show their promising role in the future research. With the thoughts of the precision in individual data, in contrast to the relatively vague data in group comparison, the precision medicine will begin from prospective clinical studies and clinical registries of MG.
